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FiGURE 20. The Froude-number Fr as a function of time for the gravity current down a slope
shown in figure 2. Fr decreases somewhat from ¢ =35 until r =9, as the front height increases,
while the front velocity remains constant. Thereafter, the front velocity transitions to a higher
value while the front height decreases, resulting in an increase in Fr.

lower estimates for the transition time we thus obtain

ty = 2u,/ay, (6.9)
1= 2u,/a. (6.10)

Figure 6 shows the upper and lower estimates thus obtained for comparison with the
simulation data for ¢*. The upper estimate is seen to represent a better approximation
of t* at larger angles, where mixing is more intense, while the lower bound is more
accurate for smaller angles, where mixing is limited.

7. Summary and conclusions

High-resolution simulations based on the Navier—Stokes equations have shown
that sloping lock-exchange flows go through an initial quasi-steady phase that is
characterized by a constant front velocity. This quasi-steady front velocity has a
maximum for slope angles around 40°, and it persists up to a dimensionless time
of the order of 10. The flow subsequently undergoes a transition to a second phase
during which the front velocity shows unsteady fluctuations but is generally larger than
the quasi-steady value. These computational findings are confirmed by experimental
observations of lock-exchange flows in a tube having a circular cross-section.

The reason for the observed transition from a quasi-steady front velocity to a
larger unsteady, value is found in the continuous acceleration of the stratified fluid
layers connecting the two fronts, by the streamwise (downslope) component of the
gravity vector. This acceleration leads to a situation where the fluid layers behind the
current front move faster than the front itself. Similar features were also observed by
Britter & Linden (1980) for the qualitatively different situation of deeply submerged
continuous currents. For the flow shown in figure 2, we saw in figure 3 that the
head height increases between =5 and r =9, while according to figure 4 the front
velocity remains unchanged. Hence, as shown in figure 20 that, the Froude number
Fr decreases slightly during this phase. Here, Fr is formed from the front velocity u s,
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the reduced gravity g of and the front height 4 of the current:

Fr="21 (7.1)
J&h

Eventually, the current front is unable to absorb more fluid from behind and its
velocity has to increase, thereby triggering the transition to the second, unsteady,
phase. During this transition, the front height decreases as the front velocity increases,
which results in a growth of Fr by about 50 %. The transition time was determined as
function of the slope and the density ratio of the two fluids. A series of simulations
that does not invoke the Boussinesq approximation demonstrates that for increasing
density contrast the transition occurs earlier for the denser current.

A pair of conceptually simple models, based on the analysis of Thorpe (1968),
with different density profiles was employed for the flow in the region connecting
the fronts. The simulation results show that for the early stages of the flow a
two-layer stratification model is appropriate, while the later stages require a three-
layer stratification model, owing to the intense mixing in the central part of the
channel cross-section. These models are employed to estimate the time after which
the accelerating stratified fluid layers will affect the velocities of the current fronts.
In this way, the models are shown to provide upper and lower estimates for the
transition time, in good agreement with the simulation results.

It remains to be seen if and how the above observations will be affected by the
possibility of spanwise variations in a three-dimensional flow. Efforts in this direction
are currently under way.
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